and long IOIs of 185 and 215 msec, respectively) were presented 28 times at random (14 short and 14 long IOIs). Participants had to judge the test interval as longer or shorter than the memorized standard. In the study by Grondin and Rousseau (1991) , high scores of sensitivity (d′ . 3) were obtained with a similar difference. The encoding phase was repeated at the beginning of each block, so that participants could refresh their memories every 28 trials.
In PC blocks, all test intervals were bounded by two tones of identical pitch (C6 5 1047 Hz). In PV blocks, test intervals were bounded by seven possible pairings of tones separated by a maximum distance of a quarter-semitone. There were three intervals bounded by identical pitches (C6/C6, C61/C61, C62/C62) and four intervals bounded by different pitches (C6/C61, C61/C6, C6/C62, C62/C6), where C6 5 1047 Hz, C61 5 1062 Hz, C62 5 1032 Hz, with C61 and C62 being 25 cents higher and lower than C6, respectively. We did not use the C62/C61 and C61/C62 intervals, because in these pairings, the pitch distance is twice as large as the quarter-semitone considered here. The seven types of pairings were presented 28 times at random (4 per pairing) in each PV block.
There were six experimental blocks: three PC blocks and three PV blocks. In all, there were 84 trials (42 short and 42 long) per condition. In the PV condition, there were 12 trials (6 short and 6 long) for each pairing. Before the experimental blocks, participants performed a practice block of 14 trials with a feedback that consisted of the presentation of a word during 1 sec just after the keypress: "correct" when they pressed the correct key, "incorrect" when they pressed the wrong key, and "late" when they did not give a response within a 2-sec delay. There was one practice block for the PC condition (practice PC) and another for the PV condition (practice PV). PC and PV blocks were presented in pairs, beginning with the pair of practice blocks, followed by the three pairs of blocks. The order was balanced: For half of the participants, each pair of blocks began with the PC condition, and for the other half, each pair of blocks began with the PV condition. Participants were not informed about the different types of blocks.
Stimuli and Apparatus. Tones were 100 msec long and synthesized with a piano timbre, as was used in Hyde and Peretz (2004) . They were delivered via headphones. Each participant adjusted the volume of the tones to a level that they considered to be comfortable. The volume was held constant throughout the experiment.
The task was presented on a PC via E-Prime, and participants used the keyboard to respond. Half of them had to press on the right key for the "shorter" response and the left key for the "longer" response. Key assignments were reversed for the other half. Participants were asked to respond as accurately as possible within a 2-sec response window. The interval between the response and the next trial was 1.5 sec.
Data analysis. The main analyses in the present study were based on signal detection theory (Green & Swets, 1966; Macmillan & Creelman, 2005) . Sensitivity (d′) was calculated as the difference between the z-score transformation of the hit and false alarm rates [d ′ 5 z(H) 2 z(FA)]. A correct answer to a trial in which the test interval was long was considered as a hit. A false alarm was computed when a participant responded "long" in trials where the test interval was short. We also evaluated participants' bias in response criterion (c), which is calculated as 20.5 3 [z(H) 1 z(FA)], as defined in Macmillan and Creelman (2005) . Response criterion was calculated in order to determine whether participants were more prone to respond "short" or "long." A criterion score of 0 would indicate that participants made an equivalent proportion of misses (i.e., responding "short" to a trial in which the test interval was long) and false alarms (i.e., responding "long" to a trial in which the test interval was short). A negative criterion score would indicate a bias to respond "long" (proportion of false alarms more important than proportion of misses), whereas a positive criterion score would indicate a bias to respond "short" (proportion of misses more important than proportion of false alarms).
The log-linear rule was applied to account for extreme cases where participants had a hit or false alarm rate of 0 or 1, so that N h 5 (N h 1 0.5)/(N 1 1) and N f 5 (N f 1 0.5)/(N 1 1), where N is sification task used by Grondin and Rousseau (1991) , in which the listeners' ability to classify time intervals as "short" or "long" was shown to depend on the physical characteristics of the auditory signals bounding the intervals. When two auditory signals (a 1-kHz tone, boundary A, and white noise, boundary a) were used to signal the beginning and end of an otherwise silent time interval, listeners had a better performance for intervals bounded by identical auditory signals (AA and aa) than for intervals bounded by different auditory signals (Aa and aA). This was interpreted as the result of a timer that would take advantage of the repetition of an identical auditory signal. Here, we used the same type of task, but used tones that could vary on pitch as the auditory signals. We predicted that congenital amusics would have no difficulty in a duration classification task without pitch variations (Hyde & Peretz, 2004) . The key question was to what extent amusics' ability to classify empty intervals would be affected by the irrelevant pitch variations of the bounding tones that they are not aware of.
The notion that auditory perception depends on pitchtime interactions in a normal brain is well supported in the literature (e.g., Boltz, 1998; Crowder & Neath, 1995; Henry & McAuley, 2009; Lebrun-Guillaud & Tillmann, 2007; Shigeno, 1993) . The task that was used here was designed to create pitch-time interference with small pitch variations that amusics may be unaware of. To this aim, in Experiment 1, we assessed whether a quarter-semitone pitch difference (i.e., 25 cents) in the bounding tones was sufficient to affect performance in a duration classification task in a normal brain. The quarter-semitone difference was selected because it is detected easily by normal listeners, but not by amusic participants (Hyde & Peretz, 2004 ). Since we found evidence of pitch interference effect on duration judgments in normal listeners, we tested 10 amusics and their matched controls in similar conditions (in Experiment 2). Our hypothesis was that irrelevant small pitch variations might influence temporal judgments in the amusic group because of the use of indirect/ implicit task requirements. However, we essentially failed to find support for this hypothesis. Therefore, in Experiment 3, we further tested amusics' ability to perform the same duration classification task, but with large pitch differences that they could reliably detect.
EXPERIMENT 1 Method
Participants. Twelve right-handed students (6 females, 6 males, 21-32 years of age), with no reported hearing deficit and no previous neurological or psychiatric history, participated in this experiment. None were musicians. They received a small compensation for their participation.
Procedure. The experiment consisted of a duration classification task made of two types of blocks: pitch-constant (PC) and pitchvarying (PV).
Each block comprised an encoding phase and a comparison phase (Figure 1 ). During the encoding phase, a standard 200-msec inter onset interval (IOI) made of two tones of identical pitch (C6 5 1047 Hz) was presented 6 times. Participants had to memorize this standard interval. During the comparison phase, two types of test intervals (short in the PC [M 6 SD, 1.91 6 0.88; t(11) 5 3.10, p 5 .01] condition, as is shown in Figure 2A . Effect size was d 5 0.90, which was categorized by Cohen (1988) as a large effect. In the PV condition, there was no significant effect of pairing on the d′ value (F , 1; see Figure 2B ). In particular, when d′ values were pooled together for the three intervals bounded by identical pitches (low/low, medium/ medium, high/high) and for the four intervals bounded by different pitches (low/medium, medium/low, medium/ high, high/medium), there was no significant difference between intervals bounded by identical pitches and intervals bounded by different pitches (F , 1).
The c value was significantly above 0 in the PC condition [t(11) 5 3.07, p 5 .01], whereas it did not differ from 0 in the PV condition (t , 1). Furthermore, the maximum number of hits or false alarms, whereas N h and N f are the actual numbers of hits and false alarms, respectively. Sensitivity and bias in response criterion were compared between the PC and the PV condition and also between the different pairings of the PV condition, despite the small number of trials per pairings (12 trials per pairing, 6 short and 6 long). The log-linear transformation does not have any effect on the c value but reduces the d ′ value. This reduction is less important when N is large. Yet, N was larger for PC and PV conditions (N 5 42) than it was for each pairing of the PV condition (N 5 6). Thus, the d′ value could not be compared directly between PC condition and each pairing with the PV condition.
Results
Duration judgments were shown to have been impaired by the 25-cent pitch changes, since the d′ value was significantly lower in the PV (M 6 SD, 1.41 6 0.79) than 
msec
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Discussion
Sensitivity was lower in the PV than in the PC condition, indicating that quarter-semitone pitch variations are sufficient to affect accuracy in duration classification. However, the PV condition differed from the PC condition in two aspects: First, test intervals were bounded by seven possible pairings in the PV condition (three intervals bounded by identical pitches and four intervals bounded by different pitches). Second, all pairings were presented randomly in each block, and it was not possible for participants to predict which pairing of tones would appear. The lower sensitivity observed in the PV condition compared with the PC condition could be due either to some of the test intervals (in particular to the intervals bounded by different pitches) or to pitch uncertainty (due to the randomized presentation). The fact that, in the PV condition, sensitivity was not higher for intervals bounded by identical pitches than for intervals bounded by different pitches gives support to the latter hypothesis. The lower sensitivity observed in the PV condition compared with the PC it was higher in the PC (M 6 SD, 0.29 6 0.33) than in the PV (M 6 SD, 0.00 6 0.31) condition [t(11) 5 4.63, p 5 .0007], with large effect size (d 5 1.34); see Figure 2C . In the PV condition, there was a significant effect of pairing on the c value [F(6,66) 5 15.14, MS e 5 12.60, p , .0001, η 2 5 .58]; see Figure 2D . The c value was higher for the three intervals bounded by identical pitches (M 6 SD, 0.12 6 0.24) than for the four intervals bounded by different pitches [M 6 SD, 20.08 6 0.34; t(11) 5 2.38, p 5 .04]. The effect size was medium (d 5 0.69). The c value was also higher for the three pairings bounded by at least one high-pitched tone (medium/high, high/medium, high/high; M 6 SD, 0.43 6 0.39) than for the three pairings bounded by at least one low-pitched tone [low/low, low/medium, medium/low; M 6 SD, 20.49 6 0.41; t(11) 5 5.64, p 5 .0002]. The effect size was large (d 5 1.63). Finally, it is of note that the c value for the medium-medium pairing (M 6 SD, 0.23 6 0.46) was very close to that for the PC condition (M 6 SD, 0.29 6 0.33). A first possible account is that this effect would result from the influence of markers' perceived duration. Previous studies have shown that a continuous tone is perceived as longer when its frequency is higher (Brigner, 1988; Cohen et al., 1954 ). Yet empty intervals tend to be overestimated in duration when they are bounded by longer markers (Grondin, Ivry, Franz, Perreault, & Metthé, 1996) . Thus, intervals bounded by high-pitched tones should be perceived as longer than intervals bounded by low-pitched tones. This is the opposite of what we observed here. However, it is possible that, in our study, participants estimated for each interval the ratio between the empty and the filled period to make their temporal judgment. In this case, if low-pitched tones are perceived to be shorter, the ratio between the empty and the filled period should be higher, leading to a "long" response.
Another possible account of the association between pitch and duration is that high/low pitches are associated to small/large sizes, which, in turn, are associated to short/ long durations. It has been observed that a visual stimulus composed of an array of dots is more likely to be judged as "long" when it contains more, larger, or brighter dots (Xuan, Zhang, He, & Chen, 2007) . Similarly, the duration of a digit is perceived as being longer for high than for low digits (Oliveri et al., 2008) . Finally, empty intervals have also been shown to last subjectively longer when they are bounded by large rather than small markers (Ono & Kitazawa, 2009 ). According to Ivry and Schlerf (2008) , these illusions would result from associations between spatial and temporal concepts, which would influence temporal judgments at decision level. Few and many or small and large would be associated with short and long, respectively. In parallel, Ohala (1983 Ohala ( , 1984 proposed the concept of frequency code, according to which highand low-pitched vocalizations inform about smallness and largeness of the vocalizer. In line with this concept, Stevens (1934) observed that, when observers are asked to make two tones of different frequency sound equal in volume (largeness), they increase the intensity of the higher tone, thereby indicating that the lower tones sound "larger." Accordingly, we propose that high/low pitches are associated to small/large sizes, which, in turn, would be associated to short/long durations. In other words, the greater tendency to respond "long" for intervals bounded by low-pitched tones than for intervals bounded by highpitched tones would result from an association between pitch level and duration. However, this hypothesis contradicts the fact that a continuous tone is perceived as longer when its frequency is higher (Brigner, 1988; Cohen et al., 1954) . More investigations are needed for a better understanding of the influence of pitch level on temporal judgment.
Interestingly, the same type of association has been reported between pitch and spatial location (Lidji, Kolinsky, Lochy, & Morais, 2007; Rusconi, Kwan, Giordano, Umiltà, & Butterworth, 2006) , referring to the SMARC (spatialmusical association of response codes) effect. Timbre judgments are typically made more quickly when participants respond to high-frequency tones with a key located high condition would be due to pitch uncertainty. This is in line with several studies showing that temporal judgments are affected by randomizing marker parameters (Grondin & Rousseau, 1991; Penner, 1976) .
The propensity to respond "long" was more important when there were irrelevant pitch variations (in the PV condition) than when there were none (in the PC condition). Furthermore, in the PV condition, the propensity to respond "long" was more important for trials containing different pitches than for trials made of identical pitches. This indicates that intervals bounded by different pitches were judged as longer than intervals bounded by identical pitches. Using a similar task, Grondin and Rousseau (1991) reported a similar tendency to respond "long" more often for intervals bounded by different tones than for those bounded by identical tones. This effect is consistent with the view that duration classification of empty intervals relies on a pacemaker that provides pulses counted from the offset of the first marker to the onset of the second marker. It is likely that the second marker is detected earlier by the auditory system when it is identical to the first marker due to repetition priming. Accordingly, the time period during which the pacemaker emits pulses would be reduced, leading to a shorter temporal judgment.
This effect of pitch difference on duration classification is also consistent with the auditory kappa effect. The kappa effect initially was demonstrated for visual stimuli (Cohen, Hansel, & Sylvester, 1953) . The classical task involves the successive presentation of three light flashes, which indicates two different intervals (of distance and duration). A longer spatial distance interval between two flashes leads to the interval being perceived as longer in duration. Cohen, Hansel, and Sylvester (1954) considered the possibility of an auditory kappa effect in which the three flashes of light are replaced by tones and spatial distance by pitch distance. Unfortunately, they failed to obtain a significant effect. However, more recent studies using different procedures observed that perceived duration between two tones is lengthened when the pitch separation increases (Boltz, 1998; Crowder & Neath, 1995; Henry & McAuley, 2009; Shigeno, 1993) . In line with this, we showed that the perceived duration was longer for a pitch separation of 25 cents than when there was no pitch separation.
The propensity to respond "long" was also more important for intervals bounded by at least one low-pitched tone than for intervals bounded by at least one high-pitched tone. This effect of pitch level was much larger than the effect of pitch difference. Previous studies have revealed that pitch level affects the perceived duration of a continuous tone. Cohen et al. (1954) also observed that, when participants have to adjust the duration of a high-pitched tone with the duration of a low-pitched tone, the time allotted to the higher tone is less than that allotted to the lower tone. The high-pitched tone would thus be perceived as longer than the low-pitched tone. A similar result was obtained by Brigner (1988) . However, to our knowledge, no study revealed an effect of markers' pitch level on the perception of an empty interval. random in a single block. For each pair, participants had to determine whether the second tone was "higher" or "lower" in pitch than the first one. The IOIs were 180 or 220 msec, as in the duration discrimination task. Before the beginning of the task, participants performed one practice session of 16 trials with a feedback that consisted of the presentation of a word during 1 sec just after the keypress: "correct" when they pressed the correct key, "incorrect" when they pressed the wrong key, and "late" when they did not give response in the 2-sec delay. The task was presented on a PC computer via E-Prime, and participants used the keyboard to respond. Half of them had to press on the right key for the "higher" response and the left key for the "lower" response. Keys were inverted for the second half. Participants were asked to respond as accurately as possible in a response time window of 2 sec. The interval time between the response and the next trial was 1.5 sec.
Results
In order to determine whether a pitch interference effect on duration judgments was present within each group, analyses were first performed separately. In subsequent analyses, we tested the effect of the group (control vs. amusic). Finally, correlation analyses were performed in each group between explicit and implicit measures of pitch processing and the MBEA score.
Control group. In the pitch direction task, control participants were able to perceive 25-cent pitch changes better than chance since the d′ value was significantly above zero [M 6 SD, 1.87 6 1.49; t(9) 5 3.96, p 5 .003]. The effect size was large (d 5 1.25).
In the duration classification task, duration judgments were impaired by small and irrelevant pitch variations since the d ′ value was lower in the PV condition (M 6 SD, 1.36 6 0.88) than in the PC condition (M 6 SD, 1.97 6 1.06) [t(9) 5 4.14, p 5 .003; Figure 3A ] with a large effect size (d 5 1.31). In the PV condition, there was no significant effect of pairing on the d ′ value (F , 1; Figure 3B ).
The c value was not significantly different from zero in either the PC or PV condition (t , 1) and did not significantly differ between the two conditions (t , 1; see Figure 3C ). In the PV condition, there was a significant effect of pairing on the c value [F(6,54) 5 6.61, MS e 5 0.18, p , .0001, η 2 5 .43; Figure 3D ], which was higher for the three pairings bounded by at least one high-pitched tone (M 6 SD, 0.30 6 0.34) than for the three pairings bounded by at least one low-pitched tone [M 6 SD, 20.33 6 0.36;  in space and to low-frequency tones with a spatially lower key than when the relationship is reversed. This spatial representation of pitch is consistent with the Western cultural norm in which high-frequency tones are usually represented as higher in space than lower frequency tones (Pratt, 1930) . Biological factors could also account for this pitch-space association, since, for example, the larynx is moved higher in the throat to produce higher pitch tones. The present pitch-duration association between high-and low-pitched tones and short/long durations may reflect similar regularities as those found for pitch-space relations.
In sum, we showed here that irrelevant small pitch variations influenced the performance of normal participants in a duration classification task. The situation was thus deemed appropriate to investigate indirect pitch processing in congenital amusia.
EXPERIMENT 2 Method
Participants. The participants were 10 amusics and 10 matched controls, as summarized in Table 1 . Each amusic individual was matched in age, education, and musical background to a participant with no musical problems and no formal musical education. None of the participants had any previous neurological or psychiatric history. Objective testing confirmed the presence of a musical deficiency in the amusic participants, who scored significantly below the matched control participants in each test taken from the Montreal Battery of Evaluation of Amusia (MBEA; Peretz, Champod, & Hyde, 2003) . The battery involves six tests-three to assess the ability to discriminate changes in melody (by pitch contour, scale, and interval size) and one to assess rhythmic discrimination (by temporal grouping).
Stimuli, Apparatus, and Procedure. The experiment consisted of a duration classification task followed by a control pitch direction task.
Duration classification task. The duration classification task was the same as that of Experiment 1, except that different test durations were used here. Since amusic and control participants are much older than students and timing performance decreases with aging (Wearden, Wearden, & Rabbitt, 1997) , the separation between standard and test durations was increased from 7.5% (15 msec) to 10% (20 msec). Thus, the short and long test durations were set to 180 and 220 msec, respectively.
Pitch direction task. The pitch direction task was added to ascertain that the 25-cent pitch variations used in the duration classification task were perceived by controls, and not by amusics when tested explicitly (e.g., Loui et al., 2008) . Four pairs of different pitches (C6/ C61, C61/C6, C6/C62, and C62/C6) were presented 48 times at reflected the fact that controls', but not amusics', duration judgments were affected by pitch level. In order to evaluate a pitch-level effect on duration judgments at an individual level, we subtracted the c value averaged for intervals bounded by at least one high-pitched tone from the c value averaged for intervals bounded by at least one lowpitched tone, giving a c High 2 Low value. This c High 2 Low value was higher for control (M 6 SD, 0.64 6 0.59) than for amusic [M 6 SD, 0 Correlation analyses. To assess potential associations between explicit and implicit measures of pitch processing and the MBEA score, we calculated nonparametric Spearman rank-order correlation coefficients for each group ( Table 2 ). The d ′ PitchDir value (sensitivity in the pitch direction task) was taken as explicit measure. The d ′ PC 2 PV value (interference effect created by irrelevant pitch variations on duration judgments) and the c High -Low value (pitch-level effect on duration judgments) were taken as implicit measures.
In the amusic group, the c High 2 Low value was correlated positively with the d ′ PitchDir value and with the MBEA score. Thus, implicit and explicit detection of small pitch changes appear to be related. Marginally significant positive correlations were also observed between the c High 2 Low value and the d′ PC 2 PV value, between the d′ PitchDir value and the MBEA score, and between the d′ PC 2 PV value and the MBEA score. In the control group, the c High 2 Low value was correlated positively with the d′ PitchDir value. Marginally significant positive correlations were observed between the c High 2 Low value and the MBEA score and between the d′ PitchDir value and the MBEA score. However, none of these correlations was significant when Bonferroni's correction for multiple comparisons was applied.
Discussion
The older control participants tested here showed both covert and overt sensitivity to quarter-semitone pitch variations, as did students in Experiment 1. They succeeded in judging the direction of these pitch changes. Moreover, the quarter-semitone differences interfered with their duration judgments. Actually, sensitivity was lower in the PV condition than in the PC condition, probably as the result of a global pitch-uncertainty effect. Furthermore, control participants showed the association between high/low pitch tones and short/long durations. However, contrary t (9) Duration judgments were not impaired by irrelevant pitch variations since the d ′ value was not significantly lower in the PV (M 6 SD, 1.80 6 1.07) than in the PC (M 6 SD, 1.93 6 1.07) condition (t , 1; Figure 3A) , with a small effect size (d 5 0.22). In the PV condition, there was no significant effect of pairing on the d′ value (F , 1; Figure 3B ).
The c value was not significantly different from zero in either the PC (t , 1) or PV [t(9) 5 1.42, p 5 .19] condition and did not significantly differ between the two conditions [t(9) 5 1.55, p 5 .16], as shown in Figure 3C . In the PV condition, there was no significant effect of pairing on the c value (F , 1; Figure 3D ).
Amusic vs. control comparison. As expected, controls performed much better than amusics in the pitch direction task [d ′ value: M 6 SD, controls: 1.87 6 1.49, amusics: 0.17 6 0.40; t(18) 5 3.48, p 5 .003], with a large effect size (d 5 1.64). In the duration classification task, an ANOVA was carried out on the d′ value with condition (PC vs. PV) and group (control vs. amusic) as factors. There was no effect of group (F , 1), an effect of condition [F(1,18) 5 9.54, MS e 5 0.15, p 5 .006, η 2 5 .35], and the interaction between group and condition approached significance [F(1,18) 5 4.00, MS e 5 0.15, p 5 .06, η 2 5 .18]. In order to evaluate the interference effect created by the presence of irrelevant pitch variations at an individual level, we subtracted the d′ value in the PV condition from that in the PC condition, giving a d ′ PC 2 PV value. This d ′ PC 2 PV value tended to be higher for control (M 6 SD, 0.61 6 0.47) than for amusic (M 6 SD, 0.13 6 0.60) participants [t(18) 5 1.98, p 5 .06], with a relatively large effect size (d 5 0.93).
In the PV condition, a 2 (group) 3 7 (pairing) ANOVA computed on the c value revealed no effect of group [F(1,18) which are 4 semitones higher and lower than C6, respectively. No pitch direction task was performed, because pitch changes of 4 semitones fall within the pitch discrimination abilities of amusics (Hyde & Peretz, 2004) .
Results
Here, amusics performed better in the duration classification when pitch was constant than when pitch was varied [d ′ value: M 6 SD; PC condition: 1.39 6 0.88, PV condition: 0.65 6 0.53; t(9) 5 3.96, p 5 .004], as shown in Figure 4A , with a large effect size (d 5 1.32). In the PV condition, there was no significant effect of pairing on the d′ value [F(6,48) 5 1.65, MS e 5 0.43, p 5 .15, η 2 5 .17], as shown in Figure 4B .
The c value was significantly above zero in both the PC [M 6 SD, 0.43 6 0.48; t(8) 5 2.67, p 5 .03] and the PV [M 6 SD, 0.34 6 0.21; t(8) 5 5.00, p 5 .001] conditions, with a large effect size in both cases (d 5 0.89 and d 5 1.67, respectively), but it did not differ between the two conditions (t , 1; Figure 4C ). In the PV condition, there was a marginally significant effect of pairing on the c value [F(6,48) 5 1.99, MS e 5 0.34, p 5 .08, η 2 5 .20; Figure 4D ]. The c value was higher for intervals bounded by identical (M ± SD, 0.57 6 0.46) than for intervals bounded by different (M 6 SD, 0.16 6 0.16) pitches [t(8) 5 2.40, p 5 .04], with a large effect size (d 5 0.80). However, contrary to what was found in normal participants in Experiments 1 and 2, the c value was not significantly higher for the three pairings bounded by at least one high-pitched tone (M 6 SD, 0.46 6 0.44) than for the three pairings bounded by at least one low-pitched tone [M 6 SD, 0.13 6 0.36; t(8) 5 1.51, p 5 .17].
We also compared sensitivity between the PC and the PV condition and across experiments (Experiment 2 vs. Experiment 3). The 2 (experiment) 3 2 (condition) ANOVA yielded a main effect of experiment [F(1,8) 
Discussion
Here, we show that amusics' duration judgments are affected by large pitch variations. This suggests that the lack of effect of pitch variations on duration classification observed in Experiment 2 was not due to task factors or to a memory deficit but arose from a deficit in perceiving fine-grained pitch differences.
In line with the results of Experiment 1, the propensity to respond "long" in the PV condition was more important for intervals bounded by different pitches than for intervals bounded by identical pitches, indicating an extension to students of Experiment 1, there was no evidence of extension of the perceived duration for intervals bounded by different pitches.
Unlike the matched controls, the amusic participants showed little sensitivity to the quarter-semitone variations, both overtly in pitch direction judgments and covertly in duration judgments. In particular, their performance in the duration classification task did show a decrement in the PV condition as compared with the PC condition. This suggests that amusic participants were not sensitive to the global pitch variability. A likely explanation is that the different pitches presented during the PV condition were not perceived as sufficiently different by amusics to create uncertainty. These findings support the view that the pitch deficit experienced by amusic individuals is not related to decision factors. Their behavioral failures observed in explicit pitch discrimination tasks (Foxton et al., 2004; Hyde & Peretz, 2004) would result from a poor pitch resolution system rather than from lack of confidence.
Furthermore, the global performance of amusics in the duration classification task was comparable with that of controls. This result is in line with the psychophysical study of Hyde and Peretz (2004) , showing that amusic individuals are impaired in pitch, but not in time, processing.
Interestingly, in the amusic group, the MBEA score was, or tended to be, correlated with both explicit and implicit measures of pitch processing (when no correction for multiple comparisons was applied). In other words, the less severe cases may show both overt and covert sensitivity to the quarter-semitone pitch variations, whereas the most severe would fail on both. Furthermore, the pitchlevel effect on duration judgments was positively correlated with sensitivity in the pitch direction task in both amusic and control groups. Thus, individuals with higher ability to discriminate pitch direction were more prone to associate high-and low-pitched tones with short and long durations, respectively.
In sum, our results show that, for quarter-semitone pitch variations, pitch-time interference is present in control but not in amusic participants. This strongly suggests that the pitch defect experienced by amusics is perceptual. Alternatively, the pitch defect could be due to a more general lack of sensitivity to pitch-time dependencies. In particular, the lack of global pitch-uncertainty effect observed in amusics could be explained by a memory deficit rather than a perceptual deficit. According to this memory account, amusics would have perceived the different pitches in the PV condition accurately but would have failed to memorize these pitches from one trial to another. If this is correct, no pitch-time interference effect should be observed in amusics when large pitch variations are used. Experiment 3 was designed to test this possibility.
EXPERIMENT 3 Method
Nine adult amusics who had participated in Experiment 2 performed the same duration classification task, except that, in the PV condition, the bounding pitches, C61 5 1062 Hz and C62 5 1032 Hz, were replaced by C611 5 1304 Hz and C622 5 790 Hz, propensity to respond "short" was not present with the same participants in Experiment 2, suggesting that this drift is not systematic. This drift might have been due to fatigue in Experiment 3 (which was always performed after Experiment 2).
GENERAL DISCUSSION
The results of the present study show that congenital amusia is related to an inability to detect fine-grained pitch differences, notably during a duration classification task that does not require attention to pitch variations. Estimates of interval duration are impaired by the presence of quarter-semitone pitch variations in normal participants but not in amusics. It is only when pitch variations are raised to 4 semitones that amusic participants exhibited an interference effect on duration judgments, hence discarding task factors or memory as responsible for their lack of responsiveness to fine-grained pitch differences.
Previous studies have shown that congenital amusics are impaired in pitch processing (Foxton et al., 2004; Hyde & Peretz, 2004) . However, the experimental protocols used in these studies investigated the ability of participants to of the perceived duration for intervals bounded by different pitches. However, amusics did not show the association between pitch level and duration as was observed in normal participants in both Experiments 1 and 2. For amusics, time intervals bounded by high-and low-pitched tones were not associated with short and long durations, respectively. This suggests that congenital amusia is associated with abnormal pitch-time association.
Finally, the amusics showed in Experiment 3 a general propensity to respond "short" more often than "long" in both PC and PV conditions, which was not observed in Experiment 2. A possible explanation is that the memory of the standard drifted toward a longer interval. This explanation is in line with adaptive-oscillator models of interval timing (Large & Jones, 1999; McAuley, 1995) and with the fact that, if IOIs are shorter than 500 msec, tempo sensitivity is better for tempo increases than for tempo decreases (McAuley, 1995) . Oscillators would adapt their period to the standard IOI of 200 msec during the encoding phase to constitute a reference for the comparison. During the comparison phase, these oscillators would be attracted toward their resting period, which would be longer than the standard IOI of 200 msec, leading to an underestimation of test intervals. However, this general consciously detect fine-grained pitch differences. Therefore, the failure of amusics in these prior studies could have been due to a lack of confidence rather than to a lack of perception. That is why we designed a duration discrimination task that does not require attention to pitch variations in order to assess the real nature of the disorder associated with congenital amusia. Our findings support the notion that congenital amusia is caused by a poor pitch resolution system that affects both covert and noncovert pitch perception.
Furthermore, the present study highlights different aspects of pitch-time interactions. The first aspect is the fact that intervals bounded by different pitches are perceived as being longer than intervals bounded by identical pitches. This effect was observed only in Experiments 1 and 3 and was rather small. The second aspect is a pitchlevel effect. Time intervals bounded by low-pitched tones are more likely to be judged as "long," whereas time intervals bounded by high-pitched tones are more likely to be judged as "short," suggesting a pitch-duration association. This effect was large but was observed only in control participants (Experiments 1 and 2). However, no single explanation at this point can explain these pitchtime effects. Furthermore, these effects might be limited to the context of the experiment. In particular, the fact that pitch variations occurred randomly in the PV condition could have favored these effects. Jones and Boltz (1989) proposed that, when events are unpredictable, temporal judgments are based on an analytic attending mode, in which attention is placed on details about these events. This would explain that, in our study, duration judgments were influenced strongly by the characteristics of the tones. Further experiments with normal listeners should aim at testing the influence of random presentation on the observed pitch-time effects. Interestingly, the pitch-level effect on duration judgments was not observed in amusic participants even in the presence of large pitch differences, suggesting that their representation of pitch does not connect with their representation of time. Foxton, Nandy, and Griffiths (2006) have already reported abnormal pitch-time interaction in congenital amusia. They noticed that amusics had difficulties in rhythm discrimination only for the sequences that varied in pitch, suggesting an abnormal pitch-time dependency. Together, this finding and ours suggest that the difficulty of amusics in processing music could arise from a deficit in fine-grained pitch discrimination, which, secondarily, would impair their ability to connect the pitch characteristic of sounds to temporal information. A question for the future is to understand how the brain manages to link pitch with time, and, thereby, to convert sound sequences in music.
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